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CD39/ecto-nucleoside triphosphate diphosphohydro-
lase-type-1 (ENTPD1) is the dominant vascular ecto-
nucleotidase that catalyzes the phosphohydrolysis of
extracellular nucleotides in the blood and extracellu-
lar space. This ecto-enzymatic process modulates en-
dothelial cell , leukocyte, and platelet purinergic re-
ceptor-mediated responses to extracellular nucleotides
in the setting of thrombosis and vascular inflamma-
tion. We show here that deletion of Cd39/Entpd1 re-
sults in abrogation of angiogenesis, causing de-
creased growth of implanted tumors and inhibiting
development of pulmonary metastases. Qualitative
abnormalities of Cd39-null endothelial cell adhesion
and integrin dysfunction were demonstrated in vitro.
These changes were associated with decreased activa-
tion of focal adhesion kinase and extracellular signal-
ing-regulated kinase-1 and -2 in endothelial cells. Our
data indicate novel links between CD39/ENTPD1, ex-
tracellular nucleotide-mediated signaling, and vas-
cular endothelial cell integrin function that impact
on angiogenesis and tumor growth. (Am J Pathol
2007, 171:1395–1404; DOI: 10.2353/ajpath.2007.070190)

CD39/ecto-nucleoside triphosphate diphosphohydrolase-1
(ENTPD1) catalyzes phosphohydrolysis of extracellular nu-
cleoside di- and triphosphates to the monophosphate de-
rivatives.1 Extracellular nucleotides released by platelets,
leukocytes, and vascular cells signal endothelial cells
through type-2 purinergic (P2) receptors termed P2Y (G
protein-coupled receptors) or P2X (ligand-gated chan-
nels).2 Deletion of Cd39 has been shown to perturb P2
receptor signaling in Cd39-null mice, resulting in platelet

dysfunction and disordered thromboregulation.3 Activation
of P2 receptors appears to influence endothelial cell che-
motactic and mitogenic responses in vitro.4 These data sug-
gest roles for CD39 in modulating such responses during
angiogenesis, and Matrigel plug-induced vascularization
can be shown to be absent in Cd39-null mice.5

Angiogenesis is important in cancer progression
and crucial for tumor growth and metastasis.6,7 The
process of neovascularization is influenced by inte-
grins,8 including endothelial �V�3.9 P2Y2 co-localizes
with �v�3 to modulate endothelial integrin function and
migration.10 Ligand binding to integrins induces phos-
phorylation of focal adhesion kinase (FAK), activating
extracellular signaling-regulated kinase-1 and -2
(ERK1/2).11,12 Activation of mitogen-activated protein
kinase ERK1/2 promotes angiogenesis by blocking ap-
optosis and promoting proliferation.12

These observations suggest potential functional links
between CD39, P2Y receptors, and endothelial integrins.
We have therefore investigated the effects of Cd39 dele-
tion on tumor angiogenesis and metastasis in vivo and
studied underlying pathogenic mechanisms in vitro.

Materials and Methods

Antibodies and Other Reagents

Antibodies against PECAM, pan-endothelial antigen
(MECA-32), CD3�, CD19, CD41, LY-6G, and LY-6C were
from BD Biosciences (San Jose, CA). Antibodies against
perlecan and pericyte marker (NG2) were from Chemicon
(Temecula, CA). Antibodies against platelet-derived growth
factor-�, FLK-1, and �V-integrin were from Santa Cruz Bio-
technology (Santa Cruz, CA). Antibodies to the macro-
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phage marker (F4/80) were from Serotec (Raleigh, NC).
Antibodies against Fab2 and fibrinogen/fibrin were from
DAKO (Carpinteria, CA). Antibodies against reticular fibro-
blasts (clone ER-TR7) were from Cedarlane Laboratories
(Burlington, ON, Canada). The fluorescein-labeled anti-
smooth muscle �-actin and MMP-9 antibodies were from
Sigma-Aldrich (St. Louis, MO). Antibodies against FAK and
phosphorylated-FAK (Tyr397) were purchased from BD
Transduction Laboratories (Franklin Lakes, NJ). Antibodies
against ERK1/2 and phosphorylated ERK 1/2 (Thr202/
Tyr204) were from Cell Signaling Technology (Beverly, MA).
Secondary antibodies were from Vector Laboratories (Bur-
lingame, CA). The luciferase assay kit was from Promega
(Madison, WI). Grade VII potato apyrase (a soluble NTP-
Dase) and vitronectin from rat plasma were from
Sigma-Aldrich.

Mouse Tumor Inoculation

Animals were housed in accordance with the guide-
lines from the American Association for Laboratory Animal
Care. The Beth Israel Deaconess Medical Center Institu-
tional animal care and use committees approved all re-
search protocols. C57BL/6X129svj or C57BL6 backcrossed
(for more than six generations) strains of wild-type and
type-matched Cd39-null mice were inoculated with 3.0 �
106 cells B16-F10 melanoma (n � 8 and 6), B16-CG (stable
�-HCG expression vector transfected) melanoma13 (n � 4),
or Lewis lung cancer (LLC) cells (n � 4) into the dorsal
subcutaneous space. Tumor size was measured daily, and
the tumor volume was calculated using the formula V �
�L.W2/6, where L is the longer diameter and W the short
diameter of tumor. Wild-type and Cd39-null mice were also
injected with 5.0 � 105 B16-F10 melanoma into the sub-
peritoneal plane of an abdominal wall flap (n � 6). The
subperitoneal tumors were examined at 2-day intervals by
limited laparotomy, the tumor size measured, and new
blood vessels growing into the tumor were counted by
microscopy. At 15 days, mice were sacrificed and the tu-
mors analyzed by immunohistochemistry.

Measurement of Mouse �-HCG Excretion

The urine of mice inoculated with B16-CG melanoma
cells was collected as described.13 Urine �-HCG was
measured with �-HCG enzyme-linked immunosorbent
assay kits (Alpha Diagnostic, San Antonio, TX) and urine
creatinine with the Creatinine assay kit (Sigma Diagnos-
tics, Inc., St. Louis, MO).

Pulmonary Metastasis Model

B16-F10 cells (1.5 � 105) were injected into the inferior
vena cava of C57BL/6X129svj strain wild-type (n � 6)
and type-matched Cd39-null mice (n � 4). After 15 days,
the mice were euthanized and the pulmonary metastases
analyzed for size and number.

Measurement of Tumor Cell Sequestration in
the Pulmonary Vasculature

Luciferase-expressing B16/F10 cells (lucB16/F10)
were established as described.14 luc-B16/F10 cells
(5 � 105) were injected into penile veins of age- and
sex-matched C57/BL6 wild-type (n � 3) and Cd39-null
mice (n � 3). One hour later, the mice were sacrificed,
the lungs snap-frozen in liquid nitrogen, and the tissue
homogenized in luciferase lysis buffer (Promega). The
20 �l of lung homogenate was added to 100 �l of
luciferase assay buffer (Promega) and luciferase activ-
ity was measured using a luminometer. Luciferase
activity was expressed as relative light units (RLUs)
normalized for protein content and background of
control lungs.

Immunohistochemical Staining

Frozen sections of implanted B16-F10 tumors were ana-
lyzed by immunohistochemistry and immunofluores-
cence as described.5

Primary Lung Endothelial Cell Isolation

Wild-type and Cd39-null mouse lungs were minced, col-
lagenase-digested (Life Technologies, Inc., Grand Is-
land, NY), and strained and the resulting cell suspension
plated on flasks coated with 0.2% gelatin (Sigma). Endo-
thelial cells were purified by a single negative (FC�-RII/III
antibody; Pharmingen, La Jolla, CA) and two positive
(ICAM-2; Pharmingen) sorts using anti-rat IgG-conju-
gated magnetic beads (Dynal; Invitrogen, Carlsbad, CA)
producing a �98% pure population.

Endothelial Cell Proliferation and Growth Factor
Signaling

Wild-type and Cd39-null C57BL6 endothelial cells were
treated for 24 hours with vascular endothelial growth
factor (VEGF) (10 ng/ml), insulin (10 nmol/L), hepato-
cyte growth factor (50 ng/ml), fibroblast growth factor
(10 ng/ml), or insulin-like growth factor-1 (10 ng/ml).
Cells were then pulsed with [3H]thymidine for 8 hours
and uptake measured as described.15 VEGF-induced
activation of ERK1/2 was measured after stimulation of
wild-type and Cd39-null endothelial cells with VEGF
(10 ng/ml) for 5 minutes. ERK1/2 activation was ex-
pressed as the ratio of phosphorylated to unphosphor-
ylated ERK1/2 after Western blot analysis.

Adhesion Assays

Adhesion assays were performed as previously de-
scribed.16 For the pretreatment experiments to deplete
extracellular nucleotides, cells were preincubated with
a soluble NTPDase, grade VII apyrase (5 U/ml), in
serum-free conditions for 6 hours before assay. For
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integrin activation experiments, manganese chloride
(MnCl2, 500 �mol/L) was added to cells during the
adhesion process.

�v Integrin Expression

Wild-type and Cd39-null endothelial cells were stimulated
with 100 �mol/L UTP for 0, 2, 4, or 6 hours. Cells were lysed
in radioimmunoprecipitation assay buffer, and 250 �g of
protein immunoprecipitated using �V integrin antibody. To-
tal �V expression was determined in a semiquantitative
manner by Western blot.

FAK and ERK1/2 Activation Assay

Wild-type and Cd39-null endothelial cells were serum-
starved for 30 hours, trypsinized, and added to vitronec-
tin-precoated dishes. Total cell extracts were prepared,
and sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and Western blotting with antibodies to FAK,
phosphorylated FAK (Tyr397), ERK1/2, and phosphory-
lated ERK1/2 (Thr202/Tyr204) were performed. For
apyrase pretreatments, cells were incubated with grade
VII apyrase (5 U/ml) for 6 hours, trypsinized, washed, and
plated onto vitronectin.

Statistical Analysis

The Student’s t-test with one-tailed distribution was used
to analyze data (Excel; Microsoft, Redmond, WA).

Results

Transplanted Tumor Growth Is Decreased in
Cd39-Null Mice

Matched wild-type and Cd39-null mice were injected sub-
cutaneously with murine melanoma (B16-F10, American
Type Culture Collection: CRL-6457; Manassas, VA) or lung
carcinoma (LLC, American Type Culture Collection: CRL-
1642) cells. The growth of both tumors was significantly
attenuated in Cd39-null mice (Figure 1a). Wild-type mice
had significantly larger B16-F10 (Figure 1b) and LLC (not
shown) tumor volumes at 1 week. Tumor growth then en-
tered the exponential phase in wild-type mice but in Cd39-
null mice was severely retarded up to 15 days (Figure 1, a
and b). Release of �-HCG after implantation of B16-CG
melanoma cells was also used to estimate tumor volume.13

�-HCG excretion correlates well with tumor volume in this
model (R2 � 0.96, data not shown). Urine �-HCG excretion
was significantly decreased in Cd39-null mice (Figure 1c).

Figure 1. Deletion of CD39 is associated with
decreased tumor growth. a: Representative ex-
amples of tumor growth in wild-type (left) and
Cd39-null (right) mice. Upper tumor is LLC, and
lower is B16-F10 melanoma. b: Measurement of
murine B16-F10 and LLC (not shown, compara-
ble data) subcutaneous tumor growth in wild-
type (�) and Cd39-null (f) mice. Bars show
mean tumor volume in mm3 � SD. *P � 0.05. c:
�-HCG excretion after subcutaneous inoculation
with B16-CG tumors. Wild type (�), Cd39-null
(f). Bars show urinary �-HCG/creatinine (mIU/
mg) � SD. *P � 0.05. d: Subperitoneal B16-F10
tumor examined for 8 days after implantation in
wild-type and Cd39-null mice. Vessel counts in
subperitoneal B16-F10 tumors in wild-type (�)
and Cd39-null (f) mice. Bars show mean num-
ber of vessels � SEM. *P � 0.05.
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Tumor Angiogenesis Is Decreased in Cd39-Null
Mice

Direct visualization of B16-F10 tumors in wild-type and
Cd39-null mice 7 days after implantation confirmed poor
tumor growth in Cd39-null mice (not shown). In addition,
this model allowed direct assessments of neovascular-
ization of the tumor by dissection microscopy. By 2 days
after tumor injection, wild-type mice had evidence of new
vessels infiltrating the tumor that increased steadily in
number (Figure 1d). This neovascularization was abro-
gated in Cd39-null mice.

Tumor Metastases Are Decreased in Cd39-Null
Mice

We next studied development of pulmonary metastases
in wild-type and Cd39-null mice after intravascular inoc-
ulation of 1.5 � 105 B16-F10, as described.17 Wild-type
lungs became infiltrated with tumor cells and, at 15 days
after intravascular injection, tumor metastases had in-
creased in size and replaced the entire lung (Figure 2a).
In contrast, Cd39-null lungs had limited tumor numbers
that were also of smaller size. Wild-type lung weights
were also significantly increased more than Cd39-null

levels (1738-mg wild type versus 604-mg Cd39-null, P �
0.01; Figure 2b).

We next examined sequestration of tumor cells within
the lung vasculature by determining short-term retention
of injected tumor cells expressing luciferase. These ex-
periments were done in wild-type and Cd39-null mice
and assays conducted at 1 hour after injection of 5 � 105

luciferase-expressing B16/F10 cells (lucB16/F10). There
was no significant difference in luciferase activity in wild-
type and Cd39-null lungs (wild-type 11.1 � 3.1 RLU/�g
versus Cd39-null 13.9 � 4.6 RLU/�g, P � 0.1). The
decreased development of lung metastases in Cd39-null
mice did not appear secondary to decreased seeding of
circulating tumor cells within the pulmonary vasculature
(Figure 2c). These data suggest that the decreased de-
velopment of pulmonary metastases in Cd39-null animals

Figure 3. Immunohistochemistry of B16-F10 tumors. Tumors were im-
planted and grown in the subcutaneous space in wild-type (A, C, E, G,
and I) and Cd39-null (B, D, F, H, and J) mice. A and B: CD31-positive
endothelial cells can be seen infiltrating tumor (arrow) in wild-type (A),
but not Cd39-null animals (B). Endothelial cells are confined to the
interface between tumor and surrounding tissue in Cd39-null mice (ar-
row). C and D: There was marked infiltration of F4/80-positive macro-
phages (arrows) in tumors grown in wild-type animals (C), in particular
in the necrotic central zone (*). In contrast, macrophages were mostly
absent within tumors grown in Cd39-null mice (D). E and F: Platelets
(integrin �IIb-positive) were associated with vessels within the tumor
mass in wild-type mice (E) but were confined to the tumor interface in
Cd39-null animals (F). G and H: In tumors grown in wild-type mice (G),
perlecan staining showed basal lamina associated with tumor vessels
(arrow) but not tumor cell nests. In contrast, in tumors grown in Cd39-
null mice (H), which were primarily devoid of vasculature, basal lamina
divided individual tumor cell nests into gland-like structures (*). I and J:
Trichrome staining showed tumors cells (arrow) in wild-type mice (I)
invading deep into the underlying muscle layer (*). In contrast, in tumors
grown in Cd39-null mice (J), tumor cell invasion was absent, and the
tumor mass and muscle layer (*) was clearly separated. Scale bars � 20
�m.

Figure 2. Decreased growth of inoculated tumor metastases, in Cd39-null
mice. a: Representative examples of wild-type (right) and Cd39-null (left)
mouse lungs at 15 days after tumor cell injection intravenously. b: Wild-type
(�) and Cd39-null (f) lung weights 15 days after intravenous tumor injec-
tion. a and b: Mice were injected with 1.5 � 105 B16-F10 cells per 25 g of
body weight into the inferior vena cava and lungs were examined at 15 days.
Bars represent mean weight � SEM. *P � 0.006. c: Retention of cell-
associated luciferase activity in wild-type (�) and Cd39-null (f) mice 1 hour
after injection of 5 � 105 luciferase-expressing B16-F10 cells (lucB16/F10).
Bars represent relative light units (RLUs) per �g of lung � SD.
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might be secondary to subsequent failure of growth and
potentially defective angiogenesis with an endothelial cell
defect.

Immunopathology

Staining with the endothelial marker PECAM-1 showed
growth of blood vessels into the implanted B16-F10 tumor
mass in wild-type mice (Figure 3A). In contrast, tumors in
Cd39-null mice were devoid of vessels, which were con-
fined to the interface between the tumor and adjacent
normal tissue (Figure 3B).

Significant numbers of macrophages had migrated
to the interface between tumor tissue and adjacent
normal tissue and into the viable and necrotic areas
within the tumors in wild-type animals (Figure 3C). In
contrast, few macrophages were noted in Cd39-null
sections (Figure 3D). Tumors and surrounding tissues
in wild-type and Cd39-null animals contained similar
amounts of B and T lymphocytes as well as granulo-
cytes (Table 1). Platelet deposition was noted within
vessels in the tumors in wild-type mice (Figure 3E) but
was confined to the tumor interface in Cd39-null ani-
mals (Figure 3F).

Basal lamina deposition, namely anti-perlecan stain-
ing, was noted around tumor vessels and muscle bun-
dles in wild-type mice (Figure 3G). In Cd39-null mice,
this was present in adjacent normal vessels encom-
passing tumor mass (Figure 3H). Tumor cell islands
were enveloped in basal lamina, forming glandular-like
structures in Cd39-null mice (Figure 3H). This was
absent in tumors in wild-type mice (Figure 3G) poten-
tially indicating a higher level of tumor cell differentia-
tion in tumors in Cd39-null mice. In addition to en-
hanced growth, tumors in wild-type mice were further
capable of invading the underlying dermal muscle fas-
cia (Figure 3I), whereas those in Cd39-null mice did not
display invasive behavior (Figure 3J).

In tumors implanted into wild-type mice, vessels
were partially enveloped by pericytes and surrounded
by interstitial fibroblasts (Figure 4D). In contrast, tu-
mors in Cd39-null mice were devoid of endothelial
cells, pericytes, and fibroblasts (Figure 4H), indicating
pluripotent cellular migration defects in Cd39-null
mice. Markers of blood vessel activation (namely dis-
solution of the enveloping basal lamina, increased
pericyte expression of NG2, platelet-derived growth
factor-� receptors, decreased pericyte expression of
smooth muscle �-actin, and increased endothelial ex-
pression of VEGFR2 receptors) were apparent at the
interface between tumor and normal adjacent tissue in
wild-type mice. These changes were not seen in Cd39-
null mice (Table 1). Platelet and fibrin deposition were
noted in and around infiltrating vessels in wild-type
tumors (Figure 4L) but in Cd39-null mice were confined
to the rim of tissue surrounding the tumor (Figure 4P).
Thus, despite deposition of a provisional matrix, blood
vessels failed to appropriately activate and migrate
into the tumor mass in Cd39-null mice (Table 1).

Endothelial Cell Proliferation in Vitro Does Not
Correlate with Defective Angiogenesis in
Cd39-Null Mice in Vivo

Purinergic signals have been implicated in promoting
endothelial cell proliferation, as well as migration, during
angiogenesis. However, we found no difference in endo-
thelial proliferation by [3H]thymidine uptake in wild-type
and Cd39-null cells at baseline (100 � 39% wild-type
versus 97 � 44% Cd39-null, P � 0.47) and after stimu-
lation with VEGF (10 ng/ml) (135 � 19% wild-type versus

Table 1. Distribution of Cell-Type-Specific Markers, Cellular
Activation Markers, and Extracellular Matrix
Components in Wild-Type and Cd39-Null Mice
after B16-F10 Tumor Implantation

Normal
dermis

Tumor
interface

Tumor
tissue

Endothelium
PECAM-1
Wild type �� �� ��
Cd39-null �� �� �

Panendothelial marker
Wild type �� �� ��
Cd39-null �� �� �

VEGFR2 receptor
Wild type � �� ��
Cd39-null � �� �

Pericytes/myofibroblasts
�-SMA
Wild type �� � ��
Cd39-null �� �� �

PDGF-� receptors
Wild type � �� ��
Cd39-null � � �

NG2
Wild type � �� ��
Cd39-null � � �

Reticular fibroblasts
Wild type � �� ��
Cd39-null � �� �

Basal lamina
Perlecan
Wild type �� � ��*
Cd39-null �� �� ��†

Fibrin
Wild type � �� ��
Cd39-null � �� �

Inflammatory cells
F4/80
Wild type � �� ��
Cd39-null � � �
Platelets
Wild type � �� ��
Cd39-null � �� �
B cells
Wild type � � �
Cd39-null � � �
T cells
Wild type � � �
Cd39-null � � �
Granulocytes
Wild type � � �
Cd39-null � � �

�, �5 positively stained structures/hpf; �, 5 to 15 positively stained
structures/hpf; ��, �15 positively stained structures/hpf.

*Associated with vasculature and muscle bundles.
†Associated with tumor nests.
NA, not applicable.
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133 � 37% Cd39-null, P � 0.47) in vitro (not shown).
Similarly, we showed no difference in wild-type and
Cd39-null endothelial cell proliferation after stimulation
with a number of endothelial mitogens, including insulin,
insulin-like growth factor-1, hepatocyte growth factor,
and fibroblast growth factor (data also not shown). In
addition, VEGF-induced activation of ERK1/2 was not
attenuated in Cd39-null endothelial cells (Figure 5a).

Deletion of Cd39 Is Associated with Endothelial
Cell-Selective Integrin Dysfunction

Purinergic signaling has been suggested to modulate the
function of a number of integrins, including �V�3, the
vitronectin receptor.10 Therefore, we measured the adhe-
sion of wild-type and Cd39-null endothelial cells to a
number of basement membrane substrates, including
vitronectin. When contrasted to wild-type cells, Cd39-null
endothelial cells exhibited normal, or near-normal, at-
tachment to gelatin and fibronectin but had markedly

decreased adhesion to vitronectin (Figure 5b). This de-
fect was corrected by pretreatment of endothelial cells
with soluble NTPDases (Figure 5c).

UTP has previously been shown to up-regulate the
expression of the �V integrin subunit in human umbilical
vein endothelial cells.18 However, we found no substan-
tial difference between total �V integrin levels in wild-type
and Cd39-null endothelial cells. Nor did UTP increase the
levels of �V expression in either cell type by Western blot
analysis (not shown). In addition, the surface expression
of �V was determined to be equal in wild-type and Cd39-
null endothelial cells by immunofluorescence (data not
shown). These data imply that qualitative differences in
integrin activation are responsible, at least in part, for the
defective adhesion phenotype.

MnCl2 is a potent effector of a number of integrin-medi-
ated adhesion events and is thought to activate integrins by
binding to specific cation-binding sites and inducing con-
formational changes in the ligand-binding site.19 In keeping
with the hypothesis that �V�3 activation is perturbed in

Figure 4. Triple immunofluorescent staining patterns of B16-F10 tumors. B16-F10 tumors were grown in the subcutaneous space in wild-type (A–D, I–L) and
Cd39-null (E–H, M–P) mice and stained with antibodies recognizing: pericytes and fibroblasts (pan-reticular fibroblast marker) (A and E); pericytes and smooth
muscle cells (smooth muscle �-actin) (B and F); fibrin (I and M); platelets (integrin �IIb) (J and N); and endothelial cells (CD31) (C, G, K, and O) and their
composites (D, H, L, and P). The dotted white line delineates the interface between the tumor mass and adjacent normal tissue. The arrow indicates the
direction of the tumor. A–D: In tumors grown in wild-type mice the endothelial lining (blue) of vessels were only partially covered by mature smooth muscle
�-actin-expressing pericytes (green) and interspersed in a network of interstitial fibroblasts (red). Note that the interstitial fibroblasts do not express smooth muscle
�-actin. E–H: In Cd39-null mice, the endothelial lining (blue) of vessels in normal tissue adjacent to the tumor were to a large extent covered by smooth muscle
�-actin-expressing pericytes (green) and surrounded by interstitial fibroblasts (red). Similar structures were absent within the actual tumor mass. I–L: In tumors
in wild-type mice, a provisional matrix consisting of fibrin (red) and platelets (green) were associated with a large portion of CD31-positive (blue) tumor vessels
(arrow). M–P: In Cd39-null mice fibrin (red) and platelets (green) were concentrated to a compacted rim of CD31 (blue)-positive vessels (arrow) at the interface
between the tumor and normal adjacent tissue. Note nonspecific fluorescent staining in the central necrotic zone. Scale bars � 20 �m.
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Cd39-null endothelial cells, treatment with exogenous
MnCl2 was able to correct the defective adhesion of Cd39-
null endothelial cells to vitronectin in vitro (Figure 5d).

Integrin-Associated Signaling Pathways in
Cd39-Null Endothelial Cells

We also studied the effect of Cd39 deletion on the down-
stream signaling pathways post-integrin ligation. In keep-
ing with the defective adhesion of Cd39-null endothelial
cells to vitronectin, deletion of Cd39 was also associated
with poor activation of FAK after �V�3 ligation. Wild-type
endothelial cells exhibited robust phosphorylation of FAK
15 and 30 minutes after plating onto vitronectin, whereas
Cd39-null cells had significantly attenuated FAK activa-
tion (Figure 6a). FAK phosphorylation in Cd39-null cells
was �60% of the wild-type levels at 15 minutes (P �
0.05) and approximated half of wild-type levels at 30
minutes (P � 0.05). FAK activation reached wild-type

levels in Cd39-null cells after 1 hour of adhesion (data not
shown). In addition, the downstream activation of MAPK
after integrin ligation was defective in Cd39-null cells.
Phosphorylation of downstream ERK1/2 was half that of
wild-type levels in Cd39-null endothelial cells at 30 min-
utes after vitronectin plating (Figure 6c, P � 0.015).

Decreased Activation of �V�3 in Cd39-Null
Endothelial Cells Is Associated with P2
Receptor Dysfunction

UTP has been shown to be chemoattractant to endothe-
lial cells in vitro, implying a role for purinergic signaling in
integrin activation.4,18 We hypothesized that, analogous
to platelets, Cd39-null endothelial cells undergo P2 re-
ceptor desensitization and associated integrin inactiva-
tion. To test this, we pretreated wild-type and Cd39-null
endothelial cells with soluble NTPDases, to reconstitute

Figure 5. Cd39 deletion and associated integrin �v�3 dysfunction. a: Phosphorylation of ERK1/2 (Thr202/Tyr204) in wild-type (�) and Cd39-null (f) endothelial
cells at baseline and after stimulation with VEGF (10 ng/ml) for 5 minutes. Bar chart represents densitometry results (means � SD) of phosphorylated ERK1/2
corrected for total ERK1/2. *P � 0.05. b: Wild-type (�) and Cd39-null (f) endothelial adhesion to collagen, fibronectin, and vitronectin. Results expressed as a
percentage of wild-type adhesion to collagen � SEM. *P � 0.05. c: Wild-type (�) and Cd39-null (f) endothelial cell adhesion to vitronectin after a 6-hour
pretreatment with soluble apyrase (5 U/ml). Results expressed as mean percentage of wild-type adhesion to vitronectin � SEM. *P � 0.05. d: The �v-integrin
subunit expression in wild-type and Cd39-null endothelial cells was determined by immunoprecipitation and Western blot analysis. Cells were treated with UTP
(100 �mol/L) for 0, 2, 4, and 6 hours. No differences were evident (not shown). Bar chart represents wild-type (�) and Cd39-null (f) endothelial cell adhesion
to vitronectin after treatment with MnCl2 (500 �mol/L). Results expressed as a percentage of wild-type adhesion to vitronectin � SEM. *P � 0.05.
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ecto-enzymatic functions of CD39 and restore P2 recep-
tor functions, and then washed cells to remove residual
apyrase activity before the adhesion assays.3

Apyrase pretreatment corrected the defective vitro-
nectin adhesion of Cd39-null cells, as shown above (Fig-
ure 5c), and normalized the recruitment of FAK and
downstream signaling to ERK1/2 to wild-type levels (Fig-
ure 6, b and d). Apyrase pretreatment had minimal ef-
fects on adhesion and on FAK and ERK1/2 activation in
wild-type endothelial cells.

Discussion

We have shown that abnormal purinergic signaling in the
Cd39-null vasculature results in profound defects in tu-
mor growth and angiogenesis, indicating novel mecha-

nisms of tumor angiogenesis. These data are consistent
with our previous finding of defective angiogenesis studying
Matrigel plug models in these mutant mice.5

Cd39-null mice exhibit the normal initial phases of an-
giogenesis, including mother vessel formation, increased
vascular permeability, and fibrin deposition. However,
there is a profound defect in the migration of endothelial
and inflammatory cells into tumors in Cd39-null animals.
Our in vitro data suggests that this defect is not caused by
defects in endothelial proliferation. Although there are
substantial defects in Cd39-null cellular adhesion noted
in vitro, sequestration of injected tumor cells by the pul-
monary vascular bed of Cd39-null mice does not contrib-
ute in a major way to the failure of metastatic tumor
growth in these mutant mice. Importantly, there is mark-
edly abnormal angiogenesis in Cd39-null mice charac-

Figure 6. Deletion of Cd39 is associated with defective �v�3-mediated intracellular signaling. a and c: Graphs represent phosphorylation of FAK (Tyr 397) (a) and
ERK1/2 (Thr202/Tyr204) (c) in wild-type (�) and Cd39-null (f) endothelial cells at 0, 15, and 30 minutes after plating onto vitronectin. b and d: Phosphorylation
of FAK (b) and ERK1/2 (d) in wild-type (�) and Cd39-null (f) endothelial cells pretreated for 6 hours with soluble Apyrase (5 U/ml). Bar charts represent
densitometry results (means � SEM) of phosphorylated FAK or ERK1/2 divided by total FAK or ERK1/2, respectively. *P � 0.05. Representative blots are shown
below graphs.
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terized by poor recruitment of surrounding pericytes and
smooth muscle cells to new blood vessels. Because em-
bryonic vascular development is normal in Cd39-null
mice,3 our data suggest that purinergic signaling has
differential roles in physiological blood vessel develop-
ment as opposed to pathological angiogenesis.

In vitro analyses indicate that the cellular migration
defect in Cd39-null mice is likely to be secondary to
abnormal adhesion and vitronectin receptor function in
Cd39-null endothelial cells. The reconstitution of Cd39-
null integrin function by apyrase pretreatment and the
hydrolysis of extracellular nucleotides or by directed in-
tegrin effects by MnCl2 implies that P2 receptor desen-
sitization (and secondary integrin inactivation) is respon-
sible for these findings (Figure 5).

Although several members of the integrin family have
been implicated in angiogenesis, the largest body of data
has linked the vitronectin receptor �V�3 with the promo-
tion of neovascularization. Numerous �V�3 antagonists,
including blocking antibodies directed at the extracellular
domain of �v�3 (LM609), inhibit angiogenesis in experi-
mental animal models9 and are currently undergoing hu-
man clinical trials.20

Despite the efficacy of these �V�3 inhibitors, genetic
deletion of �V�3 paradoxically results in increased tumor
angiogenesis.21 It has been proposed that integrins
might provide positive and/or negative signals to cells in
the presence of appropriate extracellular ligands. The
absence of these interactions could result in loss of pu-
tative negative signal(s) and enhanced angiogenesis.22

These observations imply that �V�3 could be involved in
the fine-tuning of angiogenesis responses in vivo.

We have focused on elements of nucleotide-mediated
signaling and shown that normal P2-type purinergic re-
sponses are required for �V�3 function and for the pro-
cess of angiogenesis. Cellular signaling by G protein-
coupled receptors (GPCRs), such as P2Y receptors,
involves not only the coupling of the receptors to G pro-
teins but also the formation of large protein complexes
that assist in transmitting an extracellular signal to an
intracellular response.23,24 P2Y2 contains an integrin-
binding, arginine-glycine-aspartic acid (RGD) domain in
its first extracellular loop, suggesting interactions with
integrin �V�3. Mutation of the RGD sequence to RGE
decreased the co-localization of �v-integrins with P2Y2

10-fold and greatly impaired UTP-induced phosphoryla-
tion of FAK.10

Direct association between P2Y2 and �v-integrins
seems to also be necessary for UTP-induced endothelial
cell migration, implying an important link between puri-
nergic signaling, integrin function, and proangiogenic
cellular behaviors.18 It has previously been shown that
ATP and UTP activate FAK by calcium-dependent sig-
naling mechanisms.18 The �V�3integrin-mediated activa-
tion of FAK can be shown to be defective in Cd39-null
endothelial cells. Deletion of Cd39 results in differential
P2 receptor desensitization, which subsequently modu-
lates the activity of �V�3. In keeping with this supposition,
apyrase pretreatment of Cd39-null endothelial cells,
which corrects P2 receptor desensitization, normalizes
�V�3 functions.

We have recently noted that the N terminus of CD39
interacts with the multiadaptor scaffolding membrane
phosphoprotein RanBPM.25 RanBPM binds the hepato-
cyte growth factor receptor cMET and modulates the
Ras-ERK-SRE pathway.26 In addition, RanBPM interacts
with integrins such as LFA-1 (lymphocyte function-asso-
ciated antigen-1) and may affect signaling pathways di-
rectly.27 These results suggest that CD39 may regulate
cellular signal transduction pathways and integrin func-
tion by two separate mechanisms: by first modulating P2
receptor function after hydrolysis of extracellular nucleo-
tides, and secondly, by interacting with other signaling
proteins directly, possibly using RanBPM as a bridge.

There are other potential factors that could be also
impacted on by the NTPDase1 biochemical functions. In
addition to modulating P2 receptor signaling by nucleo-
tide hydrolysis and scavenging, CD39 in association with
CD73 ultimately generates adenosine, which also has im-
portant proangiogenic functions. For example, adenosine,
acting via the A2A receptor, promotes wound healing by
stimulating angiogenesis.28 Second, the A2A receptor has
recently been implicated in the inhibition of antitumor T cells
within the adenosine-rich tumor microenvironment.29

In these currently submitted angiogenesis studies, we
have preferentially detailed the role of endothelial cell
integrin dysfunction in Cd39-null mice. Some aspects of
the Cd39-null antitumor phenotype could further be ex-
plained by decreased adenosine generation. In this re-
gard, we have evidence that CD39 forms an important
part of the immunosuppressive apparatus of regulatory T
cells (Treg), at least in part via the generation of adeno-
sine.30 We do not address the role of T cells in immune
regulation of tumors here.

In conclusion, we have provided evidence for the im-
portance of extracellular nucleotides in modulating endo-
thelial cell responses in models of pathological angiogen-
esis. We have also described novel links between
purinergic signaling and integrin activation that are mod-
ulated by CD39. These findings raise the possibility of
new anti-angiogenesis therapies based on modulating
extracellular nucleotide-mediated signals. These goals
could be achieved by either blocking the action of CD39
directly or by targeting those nucleotide (P2) receptors
that are crucial in the process of angiogenesis.
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